Restriction-site and sequence-length polymorphism in the Om( 1D) locus region on the X chromosome in Drpsophilu ananassae was investigated for three natural populations (from Burma, India, and Brazil), by using hexanucleotide-recognizing restriction enzymes. The estimates of average heterozygosity per nucleotide (x) were 0.0085, 0.0043, and 0.0004 for the Burma, India, and Brazil populations, respectively, and the average frequencies of insertions/deletions were 0.078,0.054, and 0.007 /chromosome / kb. While the n: values at this locus are similar to the estimates obtained from other euchromatic loci in D. mammae or in other Drosophila species, the frequencies of insertions/deletions are much higher than those previously reported from Drosophila. The exceptionally high frequencies of length polymorphisms in the Burmese sample and, to a lesser extent, in the Indian sample indicate that the hypermutability of Om( ID), caused by the frequent insertion of the transposable element tom, may be due to locus-specific rather than to tom element-specific properties. The low level of nucleotide variation in the Brazilian population seems to be due to a recent bottleneck of population size. This population was apparently founded in recent years by a small number of individuals and has been relatively isolated ever since.
Introduction
Mutation is generally recognized as a necessary step in evolution. The quantitative contribution of the mutation process to the evolutionary dynamics is a recurrent topic in evolutionary genetics (Goldschmidt 1940; Kimura 1983; Nei 1987) . Thus, systems exhibiting high rates of spontaneous mutations are natural subjects of quantitative evolutionary and population genetic studies. One of the reasons why Drosophila ananassae was chosen for this study is the high frequency of spontaneous mutations that has characterized this species for 50 years (Kikkawa 1938; Hinton 1988) . The great abundance of chromosomal rearrangements found in natural populations of D. ananassae has been associated both with high spontaneous mutation rates and with the occurrence of meiotic crossing-over in males (Dobzhansky and Dreyfus 1943; Freire-Maia 196 1; Tobari 1964; Tobari and Kojima 1967; Kojima and Tobari 1969; Tobari 1983, 1987; Tobari and Moriwaki 1983 ).
An interesting example of hypermutability was observed in crosses between males from a claret stock and females from a reference stock, plexus (Hinton 1984 (Hinton , 1988 . These crosses produced a high proportion of chromosomal rearrangements and visible
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mutations. Subsequent intracrossing of the hybrid progeny led to a curious set of optic morphology ( Om) mutations, occurring at a high rate (2 X 1 0m4). There is now strong evidence that these Om mutations are caused by the movement of the tom transposable element that, on insertion at some 25 loci which are scattered all over the genome, exerts similar effects on eye development (Matsubayashi et al. 1986; Shrimpton et al. 1986; Tanda et al. 1988) .
Among these loci, Om( ID), located in the centromeric region of the X chromosome at position 15Cp, has been studied most extensively. The Om ( ID) locus was cloned by tom-element tagging. Molecular analysis of several Om( ID) mutants showed that the tom element inserts preferentially in two relatively small segments 3' to the putative Om ( ID) transcriptional unit (Tanda et al., accepted) . On the basis of eye morphology and genetic data, Hinton ( 1984) (Stephan and Langley 1989 ) .
Material and Methods

Strains
Sixty X chromosome lines that originated from three different collections [Mandalay (Burma), Hyderabad (India), and Sao Paulo (Brazil)], were used in the present study. The construction of these lines has been described by Stephan and Langley ( 1989) . These lines are isogenic in the centromeric region.
Restriction-Map Analysis
High-molecular-weight genomic DNA from each of the 60 lines was prepared according to a method described by Bingham et al. ( 198 1) . The DNA was digested with seven hexanucleotide-recognizing restriction enzymes (BamHI, EcoRI, HindIII, PstI, PvuII, SacI, and SaZI). Electrophoresis, blotting, and nick-translation of probes were carried out according to standard techniques (Maniatis et al. 1982 ) . The probes used in the present experiment were the h phage clone horn ( 1 D) ca; px-5 and several subclones (see fig. 1 ) provided by S. Tanda. These clones span a region of -30 kb encompassing the putative Om( ID) locus. Two intervals within this region, (-7.5, -6.4) and (-5.7, -0. 2), are not covered by these probes, because they contain repetitive DNA. The repetitive sequences, located in (-7.5, -6.4), have been identified as opa repeats ( K. Saigo, personal communication ) .
Statistical Procedures
The levels of nucleotide variation were estimated by using Nei and Tajima's ( 198 1) average heterozygosity at the nucleotide level (n;) and Hudson's ( 1982) 0. The latter quantity is expected to be identical with n, if nucleotide variation is neutral and if the population is in equilibrium with respect to mutation and drift. Under this f is calculated relative to a standard chromosome as follows:
where J is the number of the chromosomes in the sample (or subsample) that carry the ith insertion/deletion, n is the (sub-)sample size, and L is the physical length (in kb) of the region under consideration.
The summation is taken over all insertions/ deletions in that region.
h is defined as the average number of differences of insertions/deletions per kb between two randomly chosen chromosomes.
h can be calculated as follows:
where hi is the number of pairs of chromosomes in the (sub-)sample which are different with respect to the ith insertion/deletion.
Because of the identity
it follows immediately from these definitions that
hdf. (4)
The equality sign in relation (4) (Tanda et al., accepted) . I have scored a total of 62 restriction sites including 19 polymorphic ones in the Burmese sample, 56 restriction sites including 14 polymorphic ones in the Indian sample, and 54 restriction sites including 2 polymorphic ones in the Brazilian sample. Great differences between the three populations have also been observed with respect to length polymorphisms.
I have scored a total of 47 different insertions/deletions, 34 of which have been found in the Burmese sample, 22 in the Indian sample, and only 3 in the Brazilian sample. The observed insertions/ deletions vary in length from -50 bp to >7 kb. [The six-cutter technique did not allow me to resolve insertions (deletions)
smaller than -50 bp. The resolution limit depends on the size of the restriction fragment to which an insertion or deletion maps and may be >50 bp.] These data show several salient features. The amount of length polymorphisms is very high in the two South Asian samples, particularly in the Burmese sample, whereas in the Brazilian sample the level of insertion/deletion variation is relatively low (compare the f values in table 2). The f values in the two South Asian populations exceed all estimates so far reported from other Drosophila species. In D. melanogaster, the highest f value has been reported from the white locus, which gave an estimate of 0.04 1 /chromosome/ kb (Miyashita and Langley 1988 ) .
Another interesting comparison can be made between forked and Om( ID) in D. ananassae. Both loci map cytogenetically to the same position (Stephan and Langley 1989) . The forked locus contains a region of repetitive DNA which is highly variable in sequence length. Since the length polymorphisms in this region are probably caused by simple expansion /contraction mechanisms ( e.g., replication slippage or unequal crossing-over), I excluded them from the comparison. The estimates of insertion/ deletion variation compare, then, as follows: 0.078 and O.O54/chromosome/ kb for Om( ID) in the Burmese and Indian samples, respectively, and 0.04 1 and 0.039 for Heterogeneity tests (table 3 ) show that in the Burmese and Indian samples insertions/deletions are clustered in segment (-16.5, -2.O), which includes the 5'-flanking region and the transcriptional unit of Om( ID), relative to the 3'-flanking region (-2.0, +20.0). The f values calculated for the interval (-16.5, -2.0) are considerably higher than those for the entire region surveyed (table 2). In the zoogeographically most central Burmese population, the frequency of insertions/ deletions in the 5 '-flanking region and in the transcriptional unit of Om ( ID) is 3.3 times the estimate for forked. The high values off in this region are largely due to small insertions/deletions, ranging in size from 50 to 400 bp.
Another interesting feature of the length polymorphisms at Om( ID) is that the distribution of insertion/deletion sizes differs from that of forked. 
sertions/deletions ~700 bp were detected either in the transcriptional unit or in the flanking regions of -18 kb upstream and -12 kb downstream (Stephan and Langley 1989, and unpublished data) , whereas the Om( ID) region harbors a considerable number of large insertions / deletions. The four largest insertions/deletions, ranging from 1.6 to >7 kb, are located 3' to the transcriptional unit, notably in the region where most of the tom-element insertions in Om( ID) mutants have been detected (Tanda et al., accepted) . The nature of these insertions/deletions shown in figure 1 is unknown. The largest one has the approximate size of tom but has a different restriction pattern.
With respect to the functional analysis of the Om( ID) locus (see Introduction), Zns( 29) may be of particular importance. This insertion, which is 500-600 bp in size and carries a Sal1 site, occurs only once in the sample and hence should be rare in natural populations. It is interesting that an insertion with the same properties was found in the ca; px allele at a tom-element insertion site (Tanda et al., accepted) .
In accordance with most other studies on molecular variation in Drosophila [but NOTE.-The observed values include all insertions/deletions in the subsample (from Burma or India) which fall into one of the two segments, where (-16.5, -2.0) comprises the 5'4lanking region and the transcriptional unit and where (-2.0, +20.0) comprises the 3'-flanking region. The expected values were calculated by simply assuming that the number of insertions/deletions was distributed proportionally to the size of the segments. The test for the Brazilian sample was not significant (x2 = 1.3).
see Stephan and Langley ( 1989) for the vermilion locus in D. ananassae] , all large insertions/deletions are in low frequency; they are unique, except for Zns( 32), which appears to be present in two chromosomes at the same position, and Zns( 18) and Zns( 19) in three. Some of the small (<500-bp) insertions/deletions have reached intermediate frequencies.
The fact that several insertions/deletions occur at the same position in more than one chromosome in the sample is taken into account by the h statistic. Table 2 shows that, as a consequence of this multiplicity of insertions/deletions, h < 2f [compare relation (4)]. The only exception was observed in region (-16.5, -2.0) in the Brazilian sample. In this case, h = 2f because the only insertion/ deletion [ Zns( 2)] detected in this region is unique. On the whole, the h values do not deviate much from 2f, because most insertions/deletions are rare. I observed large differences in nucleotide diversity in the three population samples. n; shows the same pattern of variation as does insertion/deletion variation, being highest in the Burmese sample and lowest in the Brazilian sample (table 4). For the two South Asian samples, the estimates of 8 and 7c are close to those found in the forked region of D. ananassae ( Stephan and Langley 1989 Stephan and Langley 1989) . However, on the basis of in situ hybridization studies and comparison with the genetic map, I have no reasons to believe that crossing-over is reduced in the Om( ID) locus region ( Stephan and Langley 1989) . 
Discussion
Hypermutability
The present study was carried out to determine whether the hypermutability at Om( ID) (Hinton 1984 (Hinton , 1988 and of Drosophila ananassae in general (Kikkawa 1938 ) is reflected in the molecular variation found in natural populations. With respect to nucleotide diversity, I found no convincing evidence for elevated levels of basesubstitution polymorphisms in the Om( ID) region. The levels of nucleotide polymorphisms in the Burmese and Indian populations are similar to those of forked (Stephan and Langley 1989) . Furthermore, they are not greatly different from the estimates reported from several loci of the D. melanogaster X chromosome, if the gene under consideration is not located in regions of reduced recombination ( Aguade et al. 1989) . The level of restriction-site polymorphisms in the forked and Om( ID) regions of D. ananassae is actually lower than that of D. simulans (Aquadro et al. 1988) .
The high level of insertion/deletion variation, however, supports the idea of Om( ID) hypermutability and its possible causes. The high frequency of insertions/ deletions at the Om( ID) locus in the Burmese and Indian populations may reflect a high spontaneous rate of such mutations at this locus. The locus-specific hypermut-ability of the Om system could be due to target specificity of the tom element. Alternatively, the tom element may simply transpose frequently while the Om loci are particularly susceptible targets. The exceptionally high frequency of insertions/deletions at the Om ( ID) locus favors the latter interpretation.
Brazilian Population
Genetic differences between the population samples from Burma, India, and Brazil are reflected by the average heterozygosity at the nucleotide level (XC) and 8. Average heterozygosity shows the descending order EM > En > XB between the Burmese (M), Indian (H), and Brazilian (B) samples (table 4). In the forked region of D. ananassae, the same order of average heterozygosity has been found, whereas at the vermilion locus the order is exactly reverse. This difference at the vermilion locus can be attributed to reduced recombination in this region, a reduction associated with the "centromere effect" ( Stephan and Langley 1989) .
Of particular interest is the low rc value in the Brazilian sample. On the basis of an analysis of chromosomal rearrangements in Brazilian D. ananassae, Dobzhansky and Dreyfus ( 1943 ) suggested that this species, a native of the tropical and subtropical regions of Southeast Asia, was introduced to the Americas by man. They found that the majority of the chromosome variants of the Brazilian populations occurred also in Southeast Asia. This result is consistent with my observation that most of the restriction-site and insertion /deletion polymorphisms present in the Brazilian population sample are shared by either of the two South Asian populations. In summary, when both the data on chromosomal variability and my observations on restrictionmap variation from all three loci [forked, Om( ID), and vermilion] are taken into account, it seems reasonable to suppose that the Brazil population was founded by a small number of individuals and has been relatively isolated ever since.
